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Lost Hammer Spring, located in the High Arctic of Nunavut, Canada, is one of the coldest and saltiest terrestrial springs discovered
to date. It perennially discharges anoxic (<1 ppm dissolved oxygen), sub-zero (~−5 °C), and hypersaline (~24% salinity) brines from
the subsurface through up to 600 m of permafrost. The sediment is sulfate-rich (1 M) and continually emits gases composed
primarily of methane (~50%), making Lost Hammer the coldest known terrestrial methane seep and an analog to extraterrestrial
habits on Mars, Europa, and Enceladus. A multi-omics approach utilizing metagenome, metatranscriptome, and single-amplified
genome sequencing revealed a rare surface terrestrial habitat supporting a predominantly lithoautotrophic active microbial
community driven in part by sulfide-oxidizing Gammaproteobacteria scavenging trace oxygen. Genomes from active anaerobic
methane-oxidizing archaea (ANME-1) showed evidence of putative metabolic flexibility and hypersaline and cold adaptations.
Evidence of anaerobic heterotrophic and fermentative lifestyles were found in candidate phyla DPANN archaea and CG03 bacteria
genomes. Our results demonstrate Mars-relevant metabolisms including sulfide oxidation, sulfate reduction, anaerobic oxidation of
methane, and oxidation of trace gases (H2, CO2) detected under anoxic, hypersaline, and sub-zero ambient conditions, providing
evidence that similar extant microbial life could potentially survive in similar habitats on Mars.
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INTRODUCTION
Axel Heiberg Island in the High Arctic region of Nunavut, Canada,
hosts perennial cold saline springs discharging through up to 600
m of continuous permafrost [1, 2]. Lost Hammer (LH) Spring (79° 7′
N, 90° 21′ W) is the most extreme of the springs in terms of
temperature and salinity, with liquid water flowing at −5 °C and
24% salinity [3]. LH continuously exudes gas comprised primarily
of methane (50%), making it the coldest terrestrial methane seep
discovered to date [3]. It emerges in an area of gypsum-anhydrite
diapiric uplift through a two-meter-high salt tufa that experiences
seasonal emptying and filling; despite this seasonality, conditions
in the outflow sediment remain stable. The sediment is nearly
anaerobic with trace amounts of O2 (0.25 ppm), highly reducing
(−165 mV), and sulfate-rich (1 M) [3].
Microbial life in cryoenvironments, or environments with

continuous sub-zero temperatures, is dependent on the presence
of liquid water, typically enabled by freezing point depression
through high concentrations of salts or other solutes [4]. Such
habitats include permafrost ultrathin brine films surrounding soil
particles and cryopegs [5, 6], brine veins in sea ice [7], and highly
unique habitats like Lake Vida in the Antarctica dry valleys [8].
Microorganisms in these environments contend with multiple
stressors, and study of these microorganisms informs our under-
standing of the cold and saline limits of life on Earth and putative

extraterrestrial habitats in the subsurface of Mars and the icy moons
Europa and Enceladus [4]. For example, recent evidence obtained
through orbital radar sounding indicated the presence of subglacial,
hypersaline lakes ~800m below Mars’ southern ice cap [9, 10].
Recurring slope lineae may be another possible episodic source for
liquid water closer to the Martian surface; modeling suggests they
may form through hydration and deliquescence of near-surface
sulfate-chloride salt brines [11]. Geomorphological features resem-
bling ancient salt springs have also been proposed [12, 13], and as
Mars became much colder and drier ~3.7 bya, the last habitable
surface environments would likely have been highly saline
cryoenvironments; chloride salt deposit imaging suggests surface
brines persisted 2–2.5 bya [14]. Indeed, the search for extant and/or
past life on Mars, Europa, and Enceladus is a primary driver for
current and future planetary science missions [15, 16]. The cold,
salty, and anoxic oceans on Europa and Enceladus putatively contain
redox components that could support microbial life, including
methane in water plumes erupting from Enceladus [17, 18].
Previous studies characterized LH as a low biomass, microbially

dominated ecosystem (~105 cells/g sediment) with anaerobic
methane-oxidizing archaea (ANME-1) and sulfate-reducing bacteria
(SRBs) identified via 16S rRNA gene clone libraries and a 454
pyrosequencing metagenome [3, 19, 20]. However, due to low
biomass and high salinity that make nucleic acid extraction difficult,

Received: 28 June 2021 Revised: 21 March 2022 Accepted: 29 March 2022
Published online: 8 April 2022

1Natural Resource Sciences, McGill University, Ste-Anne-de-Bellevue, QC, Canada. 2School of Architecture, Civil and Environmental Engineering, Ecole Polytechnique Fédérale de
Lausanne, Lausanne, Switzerland. 3School of Environmental Sciences, University of Guelph, Guelph, ON, Canada. ✉email: Lyle.Whyte@mcgill.ca

www.nature.com/ismej

1
2
3
4
5
6
7
8
9
0
()
;,:

http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-022-01233-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-022-01233-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-022-01233-8&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41396-022-01233-8&domain=pdf
http://orcid.org/0000-0001-8698-5418
http://orcid.org/0000-0001-8698-5418
http://orcid.org/0000-0001-8698-5418
http://orcid.org/0000-0001-8698-5418
http://orcid.org/0000-0001-8698-5418
http://orcid.org/0000-0003-2235-1664
http://orcid.org/0000-0003-2235-1664
http://orcid.org/0000-0003-2235-1664
http://orcid.org/0000-0003-2235-1664
http://orcid.org/0000-0003-2235-1664
http://orcid.org/0000-0003-1694-7832
http://orcid.org/0000-0003-1694-7832
http://orcid.org/0000-0003-1694-7832
http://orcid.org/0000-0003-1694-7832
http://orcid.org/0000-0003-1694-7832
http://orcid.org/0000-0002-3443-3299
http://orcid.org/0000-0002-3443-3299
http://orcid.org/0000-0002-3443-3299
http://orcid.org/0000-0002-3443-3299
http://orcid.org/0000-0002-3443-3299
https://doi.org/10.1038/s41396-022-01233-8
mailto:Lyle.Whyte@mcgill.ca
www.nature.com/ismej


these surveys likely did not capture the complete microbial diversity
of the system, as determined by rarefaction curves and low
sequencing depth [19, 20]. Sediment incubations identified SRBs
capable of metabolism at in situ temperatures, and limited studies
have identified putatively active microbiota through sequencing of
16S rRNA (cDNA) transcripts [19, 20]; however, no transcriptome has
previously been successfully sequenced.
In this context, the objectives of the present study were to identify

the dominant taxonomic and metabolic diversity through genome-
resolved metagenomic sequencing combined with metagenome-
assembled genome (MAGs) and single-amplified genome (SAG)
analyses. In parallel, we attempted to identify the primary active
members and metabolisms of the LH spring sediments through
metatranscriptomic analyses and to identify adaptations to the
polyextreme LH environment focusing on MAGs and SAGs from
poorly characterized phylogenetic groups. Lastly, we interpreted the
identified active microbial ecosystem members and metabolisms as
potential life forms that could exist in very cold and saline
environments on other planetary bodies such as Mars.

MATERIALS AND METHODS
Detailed descriptions of the following are in Supplementary Materials.

Site description and sample collection
LH discharges through a precipitated mineral salt tufa as described in
previous publications [3, 13, 19, 20] (Fig. S1). Physical and geochemical
parameters (Table S1) have remained highly stable since 2005, allowing
comparison among samples collected in different years. For this study,
sediment samples were collected in July 2017 and July 2019. Sediment
from 2017 was used for metagenomic sequencing, and sediment from
2019 was used for RNA and SAG sequencing.

DNA extraction and metagenome analyses
DNA was extracted from two 5 g sediment portions. Resulting DNA from
each sample was concentrated and sequenced on a HiSeq2500 (Illumina,
San Diego, CA, USA) at The Centre for Applied Genomics (Toronto, ON,
Canada). Reads were trimmed with Trimmomatic [21] and classified with
Kaiju [22] and phyloFlash [23]. The metagenomes were co-assembled with
Megahit [24] and contigs were binned with MetaBAT [25]. Bin quality was
assessed with CheckM [26]. The co-assembly was annotated with the Joint
Genome Institute’s IMG/M server [27, 28]. Bins were classified with Genome
Taxonomy Database Toolkit [29]. Additional annotation is described in
Supplementary Materials. Sequencing and assembly statistics are in Tables
S2 and S3.

Single cell sorting and SAG analysis
Fluorescence-activated cell sorting and genome amplification was done at
the Bigelow Laboratory for Ocean Sciences (East Boothbay, ME, USA).
Whole-genome sequencing libraries were prepared and sequenced on a
MiSeq (Illumina). Reads were trimmed with BBDuk and contaminant
human reads were removed with DeconSeq [30]. Genomes were
assembled with SPAdes [31]. Genome annotation was as described for
the metagenome.

mRNA sequencing and analysis
RNA was extracted in triplicate, treated to remove contaminating DNA,
then pooled and concentrated. Ribosomal RNA was depleted and the
generated cDNA library was sequenced on a NovaSeq 6000 at The Center
for Applied Genomics. Reads were trimmed with Trimmomatic and rRNA
reads were removed with SortMeRNA [32]. Remaining reads were aligned
to metagenome and SAG contigs with bowtie2 [33]. Reads aligned to CDS
were counted with HTSeq [34] and transcripts per million reads (tpm) was
calculated to normalize gene expression values.

RESULTS AND DISCUSSION
MAGs and SAGs capture novel phylogenetic diversity
We sequenced the metagenome and constructed MAGs in order
to characterize microbial diversity within the LH sediment. The

majority of classified metagenomic reads were bacterial (98%)
(Figs. 1A and S2). The most abundant phyla were Bacteroidota
(37%), Proteobacteria (23%), Desulfobacterota (20%), and Campy-
lobacterota (5%). Metagenome binning produced 32 high-quality
MAGs (>90% completeness, <5% contamination) and 60 medium-
quality MAGs (>50% completeness, <10% contamination) (Table
S5). All MAGs were classified as bacterial, representing 12 phyla
(Fig. 1B) including the most abundant orders (>1.5%) in the
metagenome (Fig. 1A).
SAGs captured additional diversity. Fourteen medium-quality

and 53 low-quality SAGs were obtained, of which 33 were
bacterial and 34 were archaeal. We intentionally sought to
sequence archaeal genomes as no ANME-1 genomes have been
previously recovered from LH. These SAGs represented 31 species
following identification of closely related genomes based on 16S
rRNA gene similarity (>98.6%) and average nucleotide identity
(ANI) (>95%). The majority of these species (28 of 31) were found
at low-abundance (<1%) in the metagenome; discussion on why
this occurred is in Supplementary Materials. Correspondingly,
there was little overlap between SAGs and MAGs: ANI analysis
classified one low-quality SAG (S38) as the same species as MAGs
(M8 and M38). The 14 medium-quality SAGs represented primarily
archaeal species, including five ANME-1 SAGs and six SAGs
representing QMZS01 (formerly in Candidatus Aenigmarchaeota)
and Iainarchaeota (Candidatus Diapherotrites) in the DPANN
superphylum (Fig. 1A).
Genome novelty was assessed using assigned rank of taxo-

nomic classification by comparison to the GTDB database, based
on placement in a reference tree and whole-genome comparisons
to reference genomes [29]. The majority (97%) of MAGs and SAGs
were unclassified at the species level, with 23% of genomes
unclassified at higher taxonomic ranks (genus (29 genomes),
family (5 genomes), and order (1 genome)) (Fig. 1C). Compara-
tively, a recent compendium of 530 Arctic Ocean MAGs found 83%
novelty at the species level [35]. The high level of genomic novelty
reflects the uniqueness of LH as well as the relative undersampling
of genomes from polar and extreme environments.

Sulfur-cycling Gammaproteobacteria and Desulfobacterota are
abundant and active
We identified the active microbial community and metabolisms
present in the spring by mapping the metatranscriptome to the
metagenome, MAGs, and SAGs. Due to the challenges of
extracting RNA from LH sediment, the metatranscriptome had
relatively low sequencing depth (4.2 million reads). Therefore,
some transcripts were likely not detected in our study and their
absence herein does not preclude their presence in the
environment. Additionally, the metatranscriptome and metagen-
ome were sequenced from sediment collected in different years;
while spring conditions are stable, we cannot exclude the
possibility of variation in the sampled microbial communities
contributing to observed differences between the two datasets.
The LH sediment contains abundant sulfate (~100,000 mg/kg),

and typical sulfur-cycling taxa were among the most abundant in
the metagenome, including Desulfobulbales (15%), Campylobacter-
ales (5%), and Halothiobacillales (3.6%) (Fig. 1A). Sulfide oxidation
genes were among the most highly expressed metabolic genes
(5027 tpm) (Fig. 2; Table S6). Multiple mechanisms of sulfide
oxidation were evident, including through elemental sulfur (sqr,
fccAB), thiosulfate (sox), and tetrathionate (tsdA) intermediates;
elemental sulfur detected in LH is putative evidence of this activity
in situ [3, 13, 36]. Relative expression indicated oxidation was
largely driven by the versatile Sox multi-enzyme complex (4662
tpm), which can utilize multiple sulfur compounds for complete or
partial oxidation [36]. The majority (71%) of total oxidation gene
relative expression was attributed to Guyparkeria MAGs M8 and
M38 (Table S7) in Halothiobacillales. These MAGs contained
complete Sox pathways and also expressed sulfide-oxidizing sqr
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and fccAB genes, indicating they oxidize sulfide completely to
sulfate (Fig. 3; Table S8). Previously cultivated Guyparkeria are
characteristically halophilic sulfur-oxidizers, identified in marine
and hypersaline waters and sediments [37, 38].
Expression of Sox genes was also detected in nine additional

Gammaproteobacteria, Alphaproteobacteria, and Campylobacterota
MAGs (Fig. 3; Table S8). Variation in partial versus complete Sox
pathways and co-expression of other oxidation genes including
sqr and rdsrAB was observed in the eleven MAGs with Sox gene
expression, suggesting variation in oxidation pathways and
substrate utilization as a potential source of niche differentiation,
similar to sulfidic environments [39, 40]. Eight MAGs co-expressed
cytochrome c oxidases, while one (M37) additionally expressed
denitrification genes, suggesting they scavenge for the low
amounts of O2 as well as utilize anaerobic electron acceptors;
trace nitrite/nitrate has been detected in the sediment (2.87 mg/
kg). These MAGs all contained high-affinity cbb3-type cytochrome
c oxidases (coxABCD), which enable aerobic respiration in
microaerobic environments [41], exclusively or in addition to
low-affinity oxidases; five MAGs expressed these high-affinity
oxidases.
Expression of reductive sulfur-cycling genes (dsrAB, ttrAB, and

psr/phsA) was dominated by Desulfobacterota, with all expression
of these genes mapped to MAGs and unbinned genes in the
Desulfobulbales order (106 tpm). Complete dissimilatory sulfate
reduction (SR) pathways were identified in the three Desulfobul-
bales MAGs, and expression of reductive dsrAB was identified in
BM506 MAG M19 (Table S8). Desulfobacterota, including Desulfo-
bulbales, have previously been characterized in hypersaline and
sub-zero ice-covered lakes and subglacial brines [8, 42].
Our previous microcosm experiments detected H2-dependent

SR in LH sediments down to −20 °C [19], suggesting hydrogen
(~0.65%) exsolving from the spring as a likely electron donor for

SRB. The two MAGs that expressed SR genes in our study have
unexpressed hydrogen-oxidizing NiFe hydrogenase genes; how-
ever, expression was identified for hydrogenase subunits in
another Desulfobacterota MAG (SURF-3 sp. M58) (Table S8) and
SAG (Desulfurivibrionaceae sp. S23) (Table S9). Thus, hydrogen
oxidation is likely coupled with SR for at least some LH SRB,
confirming this observed metabolism in situ.

Anaerobic methane oxidation by ANME-1 detected at sub-
zero temperatures
Methane seeps have been studied extensively due to their
importance in global carbon cycling, most commonly in marine
environments where methanotrophy is dominated by anaerobic
oxidation of methane (AOM) by anaerobic methane-oxidizing
archaea (ANME) [43]. ANME have been detected in hypersaline
environments including marine cold seeps and mud volcanoes
[44, 45], but are generally absent from sub-zero brines such as
cryopegs [46, 47]. ANME have previously been reported in one
sub-zero environment (thawing Arctic sub-marine permafrost)
where isotopic evidence indicated AOM down to −1 °C [48]. LH
continuously exudes methane (11 g/day), with sediment concen-
trations of ~100 nmol/g [49], and ANME-1 have previously
been detected in the sediment [3]. In our study, expression of
genes involved in AOM (mcrAB, mtrC, frhB) (165 tpm) was
identified in ANME-1 SAGs (Fig. 3), indicating that AOM is
occurring under in situ conditions and providing some of the
strongest evidence to date that AOM occurs at sub-zero
temperatures as low as −5 °C.
AOM is typically coupled with SR in syntrophic consortia with

SRB, though associations with iron- and manganese-reducing
bacteria also occur [50]. In LH, co-occurrence of active SRB
suggests SR-coupled AOM as a putative mechanism. The SRB
genomes include Desulfobulbales, which are known to form

Fig. 1 Taxonomic diversity and novelty in MAGs and SAGs. A Comparison of metagenome taxonomic composition to MAG frequency by
order. Metagenome taxonomic composition was determined with phyloFlash, based on classification of metagenomic reads mapping to the
SILVA small subunit ribosomal database. B Phylogenomic tree of high- and medium-quality MAGs and SAGs. The tree was constructed in
Anvi’o with FastTree using the Bacteria_71 collection of single-copy genes and midpoint-rooted with FigTree. C Level of taxonomic novelty of
the MAGs and SAGs by rank. The number of classified and unclassified genomes at each taxonomic level was determined according to its rank
assignment and taxonomic placement by GTDB-tk.
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consortia with ANME [51]. However, our previous CARD-FISH
microscopy did not observe close associations of ANME-1 with
other cells [3]. Similar observations of unattached ANME, usually
ANME-1, suggests they can carry out AOM alone, with potential
alternate electron acceptors including metal oxides and humic
acids [52]. Decoupled AOM has been shown in nitrate-, iron-, and
manganese-reducing ANME-2 species [53–55]. It is unclear what
the electron acceptor is for LH ANME-1.
Expression of bacterial methanotrophy marker genes for

methane monooxygenase (pmoABC; 102 tpm) was identified in
Methylobacter MAG M5 (Fig. 3). Transcripts also mapped to
formylmethanofuran dehydrogenase (fmdB; 18 tpm), involved in
downstream oxidation of formaldehyde to formate. Methylobacter
oxidize methane in environments including seep oxic zones and
anoxic lakes [56, 57]. The presence of both cytochrome c oxidase

and nitrate reduction genes in MAG M5 suggests possible
facultative anaerobic methane oxidation by Methylobacter could
be occurring in the micro-oxic sediment although expression of
these genes was not detected.
Despite the availability of methane, both ANME-1 and

Methylobacter were at low abundance (<1%) in the metagenome.
While Methylobacter may be restricted by competition for nitrate
and/or oxygen, electron acceptor restriction is unlikely for ANME-1
if coupled with SR given the abundance of sulfate and SRBs. Their
activity may be inhibited by the low energy yield of SR-coupled
AOM, which is predicted to be unfavorable under in situ LH
conditions (6.1 kJ/mol electron−1; Table S10); although ANME-1
have reached abundances of ~50% in hypersaline marine cold
seeps [58], they may be less adapted to sub-zero conditions. As
ANME are also oxygen-sensitive [59], micro-oxic conditions in LH

NO3
- NO2

-

NH3

napA/narG

nirB

nirKS
NO

norB
N2O N2

nosZ

nifH

prmA
propane 2-propanol butane 1-butanol

bmoA

methyl-CoM + CoB
mcrA

pmoA

methane
methanol

psaAB psbABCDTZ
pufLMC

hyaAB/hybCO frhBD hydA cbbLM

Calvin cycle

aclAB

rTCA cycle

acsB

Wood-Ljungdahl

Nitrogen

Hydrocarbons

Hydrogen oxidation CO2 fixation

Photosynthesis

photosystem I photosystem II

Aerobic respiration

coxABC/ctaDCE

cyt. c oxidase cyt. c oxidase, cbb3-type

ccoNOP

Actinobacteriota
Alphaproteobacteria
Bacteria
Bacteroidota

tpm

4

40

400

4000

Bdellovibronota
Campylobacterota
Chloroflexota
Cyanobacteria
Deinococcus-Thermus
Desulfobacterota
Desulfuromonadota
Eukaryota
Firmicutes
Gammaproteobacteria
Gemmatimonadetes
Halobacteriota
Unclassified

S4O6
2-

tsdA

ttrABC

S2O3
2-SO4

2-

soxABCXYZ

H2S

dsrAB 

SO3
2-

rdsrAB

S0, Sn
2-

sqr

fccAB

psr/phsApsr/phsA

Sulfur

Fig. 2 Key metabolic genes expressed in the LH spring sediment. Arrow width represents relative expression of genes in transcripts per
million reads (tpm). Pie charts represent the phylogenetic classification of relative expression based on the presence of the expressed gene in
MAGs or SAGs or phylogenetic classification of the gene for unbinned genes. Complete distribution of tpm in MAGs, SAGs, and unbinned
genes can be found in Table S7.

E. Magnuson et al.

1801

The ISME Journal (2022) 16:1798 – 1808



may be sufficient to restrict their abundance as observed in
marine water columns [60] and sediment [61].

Other C and N cycling metabolisms detected
In addition to methane, the gas emitted in LH contains significant
amounts of nitrogen (~35%) and carbon dioxide (~10%), as well as
trace gases (~<1%) including short-chain alkanes [3]. Expression of
aerobic short-chain alkane oxidation genes was detected (180
tpm; Fig. 2), indicating that these gases provide additional energy
and carbon sources. Dissimilatory nitrate reduction (napA/narG/
nirB; 197 tpm), denitrification (napA/narG/nirKS/norBC/nosZ; 505
tpm), and nitrogen fixation (nifH; 2 tpm) genes were also
expressed (Fig. 2). Dissimilatory nitrate reduction and denitrifica-
tion genes with mapped transcripts were classified as Proteobac-
teria, Actinobacteriota, and Desulfobacterota; nifH had mapped
transcripts in Sulfuricurvum MAG M14 (Campylobacterota) (Figs. 2
and 3). The lack of detected nitrification gene expression

represents a gap in the nitrogen cycle, although a small number
of bacterial amoA genes in the metagenome suggests nitrification
may be carried out by low-abundance taxa. No evidence of
anaerobic ammonia oxidation was found.
Photosynthetic gene transcripts were also detected (psaAB/

psbABCDTZ; 5337 tpm), mapping to unbinned cyanobacterial (74%
of tpm) and eukaryotic genes (Fig. 2). However, months-long winter
darkness at LH (~October to February) means this activity is
necessarily seasonal. All cyanobacterial 16S rRNA sequences in the
metagenome were most similar to chloroplast 16S rRNA, indicating
this detected activity may be due to plant or soil matter blown into
the spring tufa. Alternatively, Cyanobacteriamay be dormant during
the winter months; previous metagenomic sequencing found
cyanobacterial dormancy genes [20]. Anoxygenic photosynthesis
gene expression was also detected by unbinned alphaproteobac-
terial and eukaryotic genes (pufLMC; 11 tpm), indicating some
photosynthetic activity occurs through H2S oxidation.
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Lithoautotrophic metabolisms relatively predominant in the
active microbial community
We hypothesized that lithoautotrophic metabolisms primarily
sustain the spring microbial community, as the potential for
photoautotrophy is limited due to long seasonal darkness and
heterotrophic metabolism would be limited by low organic C
(0.45% TOC) in the sediment. Approximately 40% of the MAGs and
SAGs contained CO2-fixation genes, and 73% of MAG and SAG
relative expression was attributed to those autotrophic genomes
(Fig. S3). However, this did not account for the majority of relative
expression (61%) attributed to unbinned genes. In order to
estimate the total relative contributions of autotrophs to the
active LH community, we multiplied the relative expression in
each phylum, including unbinned genes, by its proportion of
autotrophic genomes (Fig. 4). Using this method, we estimated
60% of relative expression originated from autotrophic micro-
organisms. These results suggest the LH microbial community
may potentially primarily use lithoautotrophy, though additional
in situ evidence (e.g. a bicarbonate mineralization assay) is
required to support this finding. Notably, 23% of relative
expression was attributed to sulfide-oxidizing Gammaproteobac-
teria genomes containing Calvin-Benson-Bassham cycle genes,
suggesting that they are significant contributors to primary
production. Sulfide-oxidizing Gammaproteobacteria are major
contributors to carbon fixation in light-limited environments
including anoxic coastal sediments, hydrothermal vents, and
other hypersaline Axel Heiberg springs [39, 62, 63]; they also
comprise major clades at marine cold seeps where methane
oxidation and sulfate reduction produce abundant sulfide and
CO2 [43].
Mixotrophic growth using trace carbon monoxide (CO) as an

energy source is a proposed survival mechanism for heterotrophs
under organic carbon limitation [64]. CO dehydrogenase (coxL)
genes were present in 11 heterotrophic Alphaproteobacteria
MAGs; furthermore, coxL gene expression was detected in three
of these MAGs, indicating that mixotrophy is a relevant lifestyle in
LH. No measurement of CO has previously been attempted in LH;
it may be a previously undetected component of the LH gas, or
microorganisms could be utilizing trace atmospheric CO.

Relative expression by Bacteroidota was low (3.5%) compared to
their relative abundance in the metagenome (37%) (Figs. 4 and
1B), suggesting their reliance on heterotrophy may limit activity.
While these results should not be considered conclusive given low
coverage and lack of replicates for the metatranscriptome, this
relative decrease was also observed in a previous study involving
sequencing of cDNA derived from 16S rRNA [20]. Bacteroidota
comprise significant proportions of the microbial community in
subglacial brines, sea ice brines, cryopegs, and cold hypersaline
marine basins [46, 47, 65], and the most abundant Bacteroidota
genera in the metagenome (Gillisia, Salegentibacter, Lutibacter)
were found in highly saline soil, subglacial brines, and marine solar
salterns [46, 66, 67]. Their putative salt tolerance may enable
survival even with low transcriptional activity.

Functional potential and adaptations in poorly characterized
taxa
This study utilized two approaches to recovering microbial
genomes through assembly of MAGs and SAGs. MAGs are
assembled through clustering of metagenomic contigs; accord-
ingly, MAGs often represent “population genomes” of related
strains, which may have differing microniches or metabolisms,
rather than single genotypes [68]. SAGs are sequenced from
individual cells and represent an individual strain rather than
population, enabling precise evaluation of amino acid residue
substitutions associated with cold and saline adaptation [69]. Our
SAGs include genomes for under-studied or candidate taxa,
present in low-abundance in LH but with mapped mRNA
transcripts indicating metabolic activity. In order to better
understand the niches occupied by these microorganisms, the
functional potential and gene expression of several SAGs was
more closely examined.

ANME-1 genomes reveal potential metabolic flexibility and hypersa-
line adaptation. Despite extensive study of ANME, much remains
unknown due to their recalcitrance to enrichment and culturing.
As the LH ANME-1 genomes are the first from species active under
ambient sub-zero and hypersaline conditions, we examined them
for features enabling their survival. While ANI and marker gene
analyses determined that the 17 SAGs (12.3–84.6% completeness)
represented multiple species within the ANME-1 family, the
genomes are presented together for simplicity.
Two ANME-1 SAGs contained subunits of a Group 1 h NiFe

hydrogenase, co-localized with the electron-accepting Hdr2
complex, signifying possible respiratory oxidation of hydrogen.
In addition, six SAGs encoded butyryl-CoA dehydrogenase,
clustered with mcr genes, and a downstream butyryl-CoA
oxidation pathway. This pathway is involved in oxidation of
butane and other short-chain alkanes in archaea closely related to
ANME (Ca. Syntrophoarchaeum) utilizing mcr-like complexes [70],
and has been identified in ANME-1 containing mcr-like sequences
[71]. LH butyryl-CoA dehydrogenases were homologous to those
from Ca. Syntropharchaeum butanivorans and mcr-like-encoding
ANME-1 (40% and 62% amino acid identity, respectively). LH mcrA
genes were most similar to canonical ANME-1 mcrA; nevertheless,
the presence of this pathway suggests potential alkane oxidation.
Taken together, these genes signify potential substrate flexibility
in LH ANME-1. As SR-coupled AOM yields little energy [72],
alternate electron donors may compensate for energy deficits due
to costly hypersaline adaptations. Competition for hydrogen and
alkanes (<1% of spring gas) may additionally contribute to low
ANME-1 abundance.
The ANME-1 SAGs contained osmotic stress adaptations (Fig. 5),

including for uptake and synthesis of compatible solutes and
transporters for K+ uptake and Na+ extrusion [73]. Transcripts
mapped to a small conductance mechanosensitive channel
involved in maintenance of solute concentration [73], suggesting
this accumulation occurs in situ. Based on these genes, LH ANME-1

Fig. 4 Percent relative expression by phylum, including both
genes in MAGs and SAGs and unbinned genes classified by JGI.
The percentage of autotrophic MAGs and SAGs (containing CO2
fixation genes) in each phylum is indicated in black and noted
above each column. The number of MAGs and SAGs in each phylum
is indicated in parentheses in each column label. The percentage of
relative expression by autotrophic microorganisms was estimated
by multiplying the relative expression by the percentage of
autotrophic genomes in each taxon.
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could utilize either a “salt-in” or “compatible solute” osmoregula-
tion strategy, though predicted proteins did not show the typical
enrichment of acidic amino acids found in salt-in microorganisms
(Fig. S4A). Homologous osmotic stress response genes were
identified in related ANME-1 genomes (Table S11), indicating
widespread adaptive capabilities and corroborating observed
preferential habitation of hypersaline environments by ANME-1
over other ANME clades [45, 50]. Seven SAGs also encoded gas
vesicle proteins, proposed to reduce water loss during salt stress
[74]. Alternatively, they may enable buoyancy regulation, allowing
cells to position themselves more favorably in a spring which
experiences seasonal changes in water depth [75]. The presence
of chemotaxis proteins and a flagellum suggest ANME may
navigate the sediment to find optimal niches or, potentially, SRB
for syntrophic partnerships.
The ANME-1 SAGs contained genes for several multi-heme

cytochromes, which have proposed functions in both syntrophic
and decoupled AOM [53, 55, 76] (Fig. 5). In syntrophic AOM, direct
exchange of electrons is proposed to occur via conductive
“nanowires” between ANME and SRB [76]. Examination of the

sulfate-reducing MAG M19 as a potential syntrophic partner
identified genes with mapped transcripts required for nanowire
construction [77] including multi-heme cytochromes, type IV pili,
and outer membrane porins. The ANME-1 SAGs additionally
contained archaellum genes suggested to facilitate nanowire
construction [78]. Syntrophic electron exchange is therefore
putatively possible in these microorganisms.

Poorly understood DPANN archaea active in LH. Archaea from the
DPANN superphylum were detected with the recovery of
Iainarchaeota (Candidatus Diapherotrites) (one SAG, completeness
52.9%) and QMZS01 (formerly part of Aenigmarchaeota) (five
SAGs, completeness 57.7–76.2%) SAGs. Within DPANN, these
phyla are typically non-extremophilic and have not previously
been identified in hypersaline or sub-zero environments [79, 80].
The QMZS01 candidate phylum contains only two other genomes,
both MAGs from hydrocarbon- and sulfate-rich Guaymas Basin hot
hydrothermal sediments [71].
Due to their resistance to laboratory cultivation, the DPANN

superphylum has only recently been defined [81]. DPANN are
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characterized by small cell and genome sizes and minimal
metabolic function [82], but are proposed to have important
roles in organic carbon and hydrogen cycling [80, 83]. Char-
acteristically small genomes (<0.7 Mbp, though incomplete),
limited anabolic pathways, and acetogenic and hydrogenic
fermentation capabilities were observed in LH DPANN SAGs
(Figs. S5 and S6), indicating reliance on scavenging for cellular
components. All SAGs showed evidence of obligately anaerobic
and heterotrophic lifestyles. The Iainarchaeia SAG contained a
large subunit form III RubisCO gene (rbcL) (Fig. S7), also identified
in Candidatus Iainarchaeum andersonii where it was proposed to
take part in the adenosine monophosphate metabolism pathway
[79]. The rest of this pathway was identified in the LH SAG
(Figure S5), suggesting adenosine degradation to pyruvate as a
possible ATP-generating mechanism. The QMZS01 SAGs con-
tained genes involved in polysaccharide degradation (e.g. alpha
amylase and endoglucanase) and transcripts mapped to a TrmB-
family sugar-specific transcriptional regulator, supporting puta-
tive polysaccharide-degradation activity. The two Guaymas Basin
QMZS01 MAGs also contain carbohydrate-active enzymes and
fermentation genes, indicating similar metabolisms across this
phylum. Additionally, LH QMZS01 uniquely contain subunits of
group 3b NiFe hydrogenase (hydDA) co-localized with a
ferredoxin and an oxidoreductase homologous to hydG and
hydB from Pyrococcus furiosis (29% and 40% amino acid identity,
respectively), which reversibly couple H2 oxidation with NADPH
formation [84]. LH DPANN may thus cycle complex carbon
compounds, supplying fermentation products including H2 or
acetate to co-occurring hydrogen oxidizers or putative acetate
metabolizers including SRB containing the Wood-Ljungdahl
pathway or the numerous microorganisms encoding acetate
metabolism genes (Tables S12 and S13). Transcripts mapping to
DPANN SAGs (2981 tpm) were primarily to non-coding RNA
(Table S9). The SAGs also contained stress response genes
(Figs. S3 and S4). While the majority of these genes were
detected in other Iainarchaeota and QMZS01 genomes (Table
S11), LH QMZS01 uniquely contained Na+/H+ antiporter and
compatible solute synthesis genes, indicating adaptations to
hypersalinity in this clade. DPANN have been detected in High
Arctic lakes on Ellesmere Island, including cold (3.5 °C) freshwater
Lake Hazen [85] and meromictic ice-covered (0–8 °C) Lake A [86].
DPANN populations in both lakes were primarily Woesearch-
aeota; however, Iainarcheota and Aenigmarchaeota were
detected in the saline (~3%), anoxic, and sulfidic layers of Lake
A, where they were similarly theorized to recycle microbial
biomass. These results demonstrate that, despite minimal
biosynthetic capabilities, DPANN archaea are active in extreme,
resource-limited Arctic environments.

Candidate CG03 phylum is likely fermentative
SAG S2 was classified in the phylum CG03, a candidate phylum
recently defined by GTDB using their methodology based on
phylogenetic tree placement and normalization of taxonomic
rank using lineage-specific evolutionary distance [87]. This
poorly characterized phylum contains 15 MAGs in the GTDB
database, previously deposited in NCBI primarily as unclassified
Elusimicrobia and sourced from groundwater and hypersaline
sediments; only one study has previously examined some of
these CG03 genomes [88]. The LH SAG is the first CG03 genome
from a sub-zero environment, although CG03 was recently
detected in the anaerobic, methane-rich sulfidic Zodletone
spring (22 °C, 1.2% NaCl) [89]. The LH SAG contains a glycolysis/
gluconeogenesis pathway, partial TCA cycle, and partial fatty
acid oxidation pathway (Figure S8), indicating a likely hetero-
trophic and anaerobic lifestyle. Interestingly, it encodes partial
NADH dehydrogenase and ATP synthase complexes but lacks
other electron transport chain proteins, corroborating the
previous survey of several CG03 genomes which found near-

universal partial ATP synthases. The functionality of these
complexes is unclear, but their frequency within the phylum
implies an active rather than vestigial role. Regardless, the LH
CG03 is likely fermentative, as it contains genes involved in both
acetogenic (phosphotransacetylase and acetate kinase) and
hydrogenogenic (FeFe Group A hydrogenase) processes. It also
encodes homologs to carbon monoxide/xanthine dehydrogen-
ase family proteins. Structure-based functional annotation by
I-TASSER [90] confirmed protein similarity to CO dehydrogenase,
suggesting possible mixotrophy. These results suggest that,
similar to DPANN, CG03 may provide acetate and hydrogen to
the microbial community.
Transcripts mapped to the SAG (6718 tpm total) mapped to

tRNA genes and a AAA ATPase-family protein, indicating
transcriptional activity but providing little indication of metabolic
function (Table S9). The genome contained several sodium and
potassium transporters, but did not have an enrichment in acidic
amino acids in predicted proteins (Fig. S4B), leaving its
osmoregulation strategy unclear. It should be noted that the
above results are based on a single genome (62.8% completeness)
and so should not be considered conclusive.

LH as an analog for relevant microbial metabolisms on Mars
Terrestrial analogs like LH can help constrain and inform theorized
habitability and biosignatures in ancient and extant Martian
environments. This study provides in situ evidence of an active
microbial ecosystem in a sub-zero hypersaline spring supporting
Mars-relevant chemolithoautotrophic metabolisms [91, 92]. We
identified active ANME-1 putatively capable of AOM, H2 oxidation,
CO2 fixation, and N2 fixation. Trace methane (~0.4 ppbv) has been
detected in the Mars atmosphere [93] and, while the source is
unknown, methane and hydrogen could be produced abiotically
in the deep subsurface through rock-water interactions (serpenti-
zation; Fischer-Tropsch synthesis) or through putative methano-
genesis (Fig. 6) [94]. Regardless of the origin, subsurface gaseous
methane or methane clathrates could potentially sustain microbial
life by AOM.
Sulfates and trace H2 (3) in LH support transcriptionally active

H2-oxidizing, SO4-reducing bacteria containing CO2-fixation and
N2-fixation genes. Similar conditions for supporting SRBs may exist
in the Martian subsurface where sulfate is abundant and may co-
localize with H2 and CH4 from serpentinization or methanogenesis
[95]. Atmospheric CO (0.075%) on Mars may also support CO-
oxidizing bacteria [91], as in Antarctic desert soils where trace CO
may support primary production through high-affinity CO
dehydrogenases [96]. In this study, CO dehydrogenase genes
and transcripts were detected in mixotrophic Alphaproteobacteria
MAGs, suggesting Martian CO could support near-surface
heterotrophs.
The relatively high abundances of lithoautotrophic sulfide-

oxidizing bacteria as well as high expression of S-oxidation genes
was somewhat surprising given sulfide-oxidizers are generally
aerobic while LH sediment is highly reducing and contains only
trace O2. However, extremely low-oxygen environments can
sustain aerobic metabolisms [97], including sulfide oxidation in
anoxic lakes [98], due to O2 favorability as an electron acceptor.
Gibbs energy calculations for LH show redox reactions with O2 are
more favorable than those with NO3

− or SO4
2−, including H2S/O2

(−109 kJ/mol electron−1) compared to H2S/NO3
− (−93.8 kJ/mol

electron−1) (Table S10). While the Martian atmosphere contains
0.1% O2, modeling of perchlorate and sulfate brines under Martian
surface conditions demonstrated how O2 can concentrate in near-
surface brines allowing for potential micro-oxic and even aerobic
metabolisms [99]. While methanogens and SRBs are generally
considered the most likely candidate life forms on Mars, this
study highlights the capability of lithoautotrophic sulfide-oxidizers
to also thrive in a hypersaline, sub-zero, and oxygen-depleted
environment.
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CONCLUSION
LH supports an active microbial community including sulfur-cycling
Gammaproteobacteria and Desulfobacterota and methane-oxidizing
ANME-1, as well as fermentative and heterotrophic populations.
Overall, our study provides robust evidence of chemolithoauto-
trophic metabolisms active in a sub-zero, hypersaline, and anoxic
environment similar to those that may exist on Mars.

DATA AVAILABILITY
Sequencing reads, metagenome, MAGs, and SAGs are in NCBI under BioProject
PRJNA699472. JGI metagenome and SAG annotations are available under GOLD
Study ID Gs0135943 (SAG IDs in Table S4).
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